The goal of this study was to determine the prevalence and evolution of acquired right ventricular outflow tract obstruction (RVOTO) in the recipient twin in twin-twin transfusion syndrome (TTTS). BACKGROUND Twin-twin transfusion syndrome complicates 4% to 26% of diamniotic monochorionic twin gestations and is associated with high fetal morbidity and mortality. Cardiac dysfunction and biventricular hypertrophy may develop in the recipient twin with the potential for RVOTO.
Twin-twin transfusion syndrome (TTTS), or oligohydramniospolyhydramnios sequence, is the most common severe complication of monochorionic twin pregnancies. The estimated incidence of TTTS ranges from 5% to 35% of monochorionic diamniotic pregnancies (1) (2) (3) . Overall, this represents approximately 0.1 to 0.9 per 1,000 births. Twintwin transfusion syndrome has a very high mortality, approaching 100% when untreated. The majority of deaths are due to cardiovascular compromise from congestive heart failure. Approximately 15% to 17% of perinatal deaths in twins have been attributed to TTTS (1, 3, 4) .
The pathophysiology of TTTS is not fully understood. It is believed to be at least partly due to unbalanced placental vascular anastomoses, which result in abnormal shunting of blood from one twin (the donor) to the other twin (the recipient) (3, 5) . The clinical effects of TTTS are that, over time, the donor twin develops oligohydramnios, oliguria, anemia and growth restriction, whereas the recipient develops polyhydramnios, polyuria and polycythemia. Cardiovascular abnormalities also occur in the recipient twin. The cardiac findings in recipient fetuses most commonly include biventricular hypertrophy (BVH), tricuspid regurgitation (TR), biventricular dysfunction and pericardial effusions ( Fig. 1) (6, 7) . Although right ventricular outflow tract obstruction (RVOTO) in the recipient twin has also been described, the frequency and the pathogenesis of this complication in TTTS has not yet been reported (8, 9) .
The objective of this study was to determine the incidence of RVOTO in recipient twins in TTTS, to describe the natural history and clinical implications of this diagnosis and to provide information that may be useful in elucidating the pathogenesis of this syndrome.
METHODS
This case series is the result of a retrospective review of all known cases of TTTS at two Canadian tertiary care perinatal units between January 1994 and August 1998, describing the incidence and outcome of RVOTO in the recipient twins. These perinatal units represent the referral centers for the majority of complicated pregnancies in their respective regions. Right ventricular outflow tract obstruction was diagnosed or excluded by review of perinatal records, obstetrical ultrasounds, fetal echocardiograms, postnatal echocardiograms and postnatal clinical assessments, where available. In the cases with RVOTO, the clinical course and postnatal outcome were documented by a review of prenatal and postnatal medical records. Postmortem reports were also reviewed.
RESULTS
Seventy-three twin pregnancies complicated by TTTS were identified. Of these, 48 patients (66%) had one or more fetal echocardiograms performed. The remaining 25 patients, most of whom presented in the earlier years of the review, did not have fetal echocardiograms performed, but all had multiple obstetrical ultrasounds (level 2 to 3) performed. Gestational ages at diagnosis of TTTS ranged from 19 to 27 weeks.
Seven of the 73 recipient twins (9.6%) had a prenatal or postnatal diagnosis of RVOTO (95% confidence intervals 3.6% to 15.6%) ( Table 1) . None of the donor twins had structural or functional heart disease, and no major additional structural heart defect was identified in the recipient twins. Six fetuses had evidence of RVOTO either in utero (n ϭ 4) or in the immediate postnatal period (n ϭ 2), whereas one presented at age two years with more severe obstruction ( Fig. 2 and 3 ). The mechanism of RVOTO varied among cases. Four had primarily pulmonary valve (PV) stenosis, including two with progression to PV atresia with intact ventricular septum. Muscular subvalvular obstruction was predominant in two cases. One case had combined muscular and valvular obstruction, as well as evidence of calcification of the main pulmonary artery and aorta. One fetus (case 3) was diagnosed with critical PV stenosis in utero, with retrograde ductus arteriosus flow, which was confirmed by postnatal echocardiography. This fetus also had significant TR and biventricular dysfunction in utero. Autopsy performed after death at 13 days of age revealed only mild thickening of the PV, with three normal-sized cusps and no significant dysplasia. However, there was severe subvalvar RVOTO from marked right ventricular hypertrophy (Fig. 3) .
In utero progression occurred in at least three of the cases. All three (cases 1 to 3) had initial antegrade flow documented across the right ventricular outflow tract (RVOT), At 34-week follow-up, the gradient had increased to 60 mm Hg, and there was retrograde ductus arteriosus flow. In another (case 1), there was a dysplastic PV noted at the initial study without abnormal flow, but the right ventricle was mildly hypoplastic. At 24 weeks, there was only a mildly increased velocity across the PV, and the right ventricle was moderately hypoplastic. When the infant delivered at 26 weeks, there was valvar pulmonary atresia and moderate right ventricular hypoplasia. In the last case (case 3), the initial study at 19 weeks revealed BVH with no evidence of RVOTO. By 25 weeks, there was severe tricuspid insufficiency, mild right ventricular hypoplasia and anatomic evidence of subvalvar and valvar obstruction with only increased flow velocities. After birth, critical PV stenosis was diagnosed with severe tricuspid insufficiency present. Postnatal progression occurred in two cases. Case 6 demonstrated a threefold increase in the gradient at the subvalvar (muscular) level over the first two weeks of life.
The gradient decreased slightly with acute treatment with disopyramide (a negative inotrope), then gradually resolved over the subsequent four months with no further treatment required. Case 5 had no evidence on antenatal echocardiogram or neonatal clinical examination of significant RVOTO but presented by two years of age with severe PS requiring balloon dilation.
In addition to the case with resolution after disopyramide therapy, postnatal regression occurred in one other case. Case 7 had mild subvalvar stenosis, which resolved without therapy over a one-month period.
The outcomes of these fetuses were overall poor. This was, in part, due to their cardiovascular disease and also related to their prematurity and low birth-weight status. Death occurred in five of the seven affected recipient twins (71%), all within the first 4.5 months of life. The causes of death were directly related to the cardiac pathology in two cases, with surgical shunt complications in one very low birth-weight baby (case 4) and severe biventricular dysfunction in the other (case 3). Of the remaining cases, two infants remained on intravenous prostaglandin E1 for ductus arteriosus patency at the time of death and died of Resolution of gradient, RVH by age 1 month.
BVH ϭ biventricular hypertrophy; DA ϭ ductus arteriosus; LV ϭ left ventricle; LVH ϭ left ventricular hypertrophy; OB ϭ obstetrical; PA ϭ pulmonary artery; PGE ϭ prostaglandin E1; PV ϭ pulmonary valve; PVS ϭ pulmonary valve stenosis; RV ϭ right ventricle; RVH ϭ right ventricular hypertrophy; RVOT ϭ right ventricular outflow tract; RVOTO ϭ right ventricular outflow tract obstruction; TR ϭ tricuspid regurgitation; TTTS ϭ twin-twin transfusion syndrome; TV ϭ tricupsid valve. 
DISCUSSION

Incidence of RVOTO in recipient twins of TTTS.
This study is the first to document the high incidence (9.6%) of RVOTO in the recipient twins of TTTS. This directly or indirectly was associated with a disproportionate increase in mortality of these twins (71%). The increasing identification of TTTS antenatally and routine fetal cardiac assessment of affected fetuses may further increase the diagnosis of RVOTO. It is likely that this study underestimates the actual incidence of RVOTO in TTTS, as some fetuses who died or were aborted did not undergo prior cardiac assessment, and some cases of mild PS may not have been recognized clinically. Assessing only those pregnancies with a fetal echocardiogram, 5/44 recipient twins or 11.3% developed RVOTO, which may be closer to the true incidence; however, those with milder RVOTO may have gone unrecognized. This incidence of congenital heart disease, particularly pulmonary outflow obstruction, is significantly higher than that observed in the general population and even in many genetic syndromes. Twin pregnancies, particularly monozygotic twin pregnancies, are known to be complicated by a higher incidence of congenital heart disease, and this may, in part, be attributable to both recognized and milder unrecognized cases of TTTS (10) .
Pathogenesis of RVOTO in the recipient twin of TTTS.
The etiology of RVOTO in TTTS remains speculation. As it occurs only in the recipient twin, it is likely to occur, at least in part, secondary to an altered fetal circulation. One of the most striking cardiac findings in the recipient twin is cardiac hypertrophy. This hypertrophy, particularly of the right ventricle, occurs to varying degrees in the majority of cases of severe TTTS (6,7). Significant hypertrophy of the muscle in the RVOT may cause a direct obstructive effect to pulmonary blood flow. As a consequence of anatomic obstruction, flow may be redistributed away from the right ventricle. Such a decrease in forward flow across the RVOT may then result in diminished growth, causing progression to more severe PS or even pulmonary atresia and right ventricular hypoplasia in utero. Systolic right ventricular dysfunction also occurs in recipient twins (11) , contributing further to the decreased flow across the RVOT. This reduction in forward flow as a consequence of systolic dysfunction is similar to observations made in the context of tricuspid valve disease with severe tricuspid insufficiency in which there can be pseudopulmonary atresia and progressive anatomic RVOTO (12) .
We have recently described that abnormalities in ventricular diastolic function occur in cases of fetal hypertrophic cardiomyopathy, including the recipient twins in TTTS ( Fig. 1) (11) . These diastolic abnormalities are more pronounced in the right ventricle as compared with the left, with abnormal ventricular filling patterns, prolonged isovolumic relaxation time (left ventricular assessment) and abnormal flow patterns in the inferior vena cava, hepatic veins and ductus venosus. Such dysfunction may result in a decrease in cardiac filling and, thus, a reduction in flow through right-sided structures such as the PV. As demonstrated in many fetal studies, blood flow appears to play a crucial role in the development and subsequent growth of heart valves, chambers and great arteries. Given the lack of significant RVOT gradients in two of our prenatally assessed cases with progression, we suspect the pathogenesis of RVOTO may have been secondary to right ventricular systolic or diastolic dysfunction; however, we were unable to further delineate the etiology from our retrospective assessment. Pathophysiology of TTTS. Twin-twin transfusion syndrome is thought to be, at least partly, due to unbalanced placental vascular anastomoses, which result in abnormal shunting of blood from the donor to the recipient. However, such abnormalities of placental vasculature have also been noted in monochorionic pregnancies not complicated by TTTS, suggesting that additional factors must contribute to the development of the syndrome. The placental resistance faced by the recipient twin may be increased to such a degree that a discrepancy occurs between right-and leftsided cardiac outputs and, thus, intracardiac flows. Alterations in placental resistance, as reflected by abnormal pulsatility index in the umbilical artery flows, are not consistently found in all cases of TTTS, making this hypothesis less likely as a sole explanation for the cardiac effects (13) . This hypothesis is supported, however, by a case report of "functional" tricuspid valve atresia in a donor fetus after laser coagulation of the placental vascular anastamoses (14) . This resulted in a major increase in placental resistance faced by the donor, as evidenced by alterations in umbilical arterial Doppler tracings. This fetus then developed right ventricular enlargement, absent transtricuspid valve flow and retrograde filling of the right ventricle via the ductus arteriosus through an incompetent PV. Upon resolution of the abnormal placental resistance (return of normal umbilical artery and descending aorta flows), the cardiac abnormalities resolved. Of interest, the recipient twin in this pair had mild PS detected postnatally. Mitogenic stimuli for myocardial growth. Right ventricular hypertrophy that occurs initially out of proportion to the degree of pulmonary outflow tract obstruction may point towards a primary myocardial growth abnormality playing a role in the development of hypertrophy. Endothelin-1 concentrations have been found to be significantly higher in in utero and perinatal cord blood samples from recipient twins as compared with donor twins and controls (15) . The levels have also been found to be significantly higher in the recipient fetuses with severe hydrops than they were in those with mild or no hydrops. Endothelin is a growth factor and is a potent vasoconstrictor. It causes proliferation of smooth muscle cells in the systemic and pulmonary vasculature. It also can induce fetal ventricular myocyte proliferation in vitro (Hornberger LK, unpublished data, 2000) . If endothelin is, indeed, a factor in cellular growth and differentiation, then this may explain the marked ventricular hypertrophy and valvular abnormalities seen in TTTS. As well, endothelin's vasoconstrictor activity and mitogenic effect on vascular smooth muscle cells
